The effect of plasmid CAM-OCT on responses to UV irradiation was compared in Pseudomonas aeruginosa, in Pseudomonas putida, and in Pseudomonas putida mutants carrying mutations in UV response genes. CAM-OCT substantially increased both survival and mutagenesis in the two species. P. aeruginosa strains without CAM-OCT exhibited much higher UV sensitivity than did P. putida strains. UV-induced mutagenesis of plasmid-free P. putida was easily detected in three different assays (two reversion assays and one forward mutation assay), whereas UV mutagenesis of P. aeruginosa without CAM-OCT was seen only in the forward mutation assay. These results suggest major differences in DNA repair between the two species and highlight the presence of error-prone repair functions on CAM-OCT. A number of P. putida mutants carrying chromosomal mutations affecting either survival or mutagenesis after UV irradiation were isolated, and the effect of CAM-OCT on these mutants was determined. All mutations producing a UV-sensitive phenotype in P. putida were fully suppressed by the plasmid, whereas the plasmid had a more variable effect on mutagenesis mutations, suppressing some and producing no suppression of others. On the basis of the results reported here and results obtained by others with plasmids carrying UV response genes, it appears that CAM-OCT may differ either in regulation or in the number and functions of UV response genes encoded.
Several plasmids from a number of incompatibility groups encode proteins capable of modulating the UV responses of the hosts (12, 25) . The best studied of these is the R46 derivative pKM101, which increases both survival and mutagenesis of UV-irradiated Escherichia coli, Salmonella typhimurium, and other enterobacteria by encoding two genes, mucA and mucB, which are analogs of the E. coli genes umuC and umuD (22, 26) . Another plasmid, pMG2, an IncP2 plasmid of Pseudomonas species, has been reported to encode a new polymerase activity responsible for increasing survival and mutagenesis in host cells (17, 18) . Some other IncP2 plasmids are also known to encode UV response functions (13) . Here I report on one such plasmid, CAM-OCT, a >300-kilobase megaplasmid which, besides modulating UV responses, also carries genes for alkane utilization, camphor utilization, and conjugative transfer (5, 10, 12) .
The repair of UV-induced DNA damage has been studied in only a few procaryotes, such as E. coli (26) , Bacillus subtilis (19) , other Bacillus species (8) , Neisseria gonorrhoeae (4), Streptococcus pneumoniae (9) , and Pseudomonas aeruginosa (6, 15, 16) . Detailed knowledge of the induction, regulation, and mechanisms of UV-induced DNA damage repair exists only for the E. coli system, in which such repair is part of the inducible, error-prone SOS response (for a review, see reference 26) . Evidence indicates that the E. coli model system is not wholly applicable to all procaryotes. The apparent differences range from differences in regulatory circuits (8, 19) to a fairly common absence of error-prone repair, both in other bacterial families (4, 9) as well as among different enterobacteria (22) . Previous studies with P. aeruginosa have noted the UV sensitivity of this species (16) , and recent studies on the recA gene of P. aeruginosa suggest that DNA repair functions in these organisms may be regulated in a manner similar to that seen in E. coli (11, 20) .
In this study, the UV responses of P. aeruginosa and Pseudomonas putida in the presence and absence of plasmid CAM-OCT were compared. In the absence of CAM-OCT, both the survival and the mutagenesis responses of the two species differed markedly, whereas in the presence of the plasmid, the responses were more similar. A number of UV survival and mutagenesis mutants of P. putida were isolated. CAM-OCT was found to suppress the mutations in all UV survival mutants tested and to at least partially suppress five of six low-mutagenesis mutations.
MATERIALS AND METHODS Bacterial strains and plasmids. Most of the bacterial strains used are listed in Table 1 . Strains serving as donors for transfer of plasmids into various strains included PpS145 for CAM-OCT and MRP119 for pMRP119. UV response mutants of P. putida are all derivatives of strain PpS102 and are named in Fig. 2 through 5 and Table 5 .
Media and culture conditions. Minimal medium (PA), complete medium (TYE), and the conditions for growth on camphor have been described elsewhere (2, 3, 10 Selection included camphor utilization for CAM-OCT and neomycin resistance for pMRP119.
(ii) N-methyl-N'-nitro-N-nitrosoguanidine mutagenesis. Pro- cedures for mutagenesis were basically as described by Drake (Fig. 1) . UV protection conferred by CAM-OCT resulted in survival increases of 2-to 10-fold, depending on the UV dose. Similar results were obtained with other P. putida derivatives in the PpS445 background (data not shown). P. aeruginosa also was protected against UV lethality by CAM-OCT, but the degree of protection conferred was much greater than that seen in P. putida ( Fig. 1 ). In the case of the PAC5 derivatives, the effect of CAM-OCT resulted in survival increases of 20-to 500-fold along the range of UV doses analyzed. Similar results were seen in the PAS106 background (data not shown). The differences between the two species in the magnitude of the protective effect reflected a greater UV sensitivity of P. aeruginosa strains without CAM-OCT than of P. putida strains without CAM-OCT. increased mutation frequencies due to the action of mutagenic repair pathways (26) . Reversion to prototrophy of auxotrophic P. putida and P. aeruginosa strains was analyzed as a measure of mutagenesis and thus of the presence of error-prone repair. UV treatment did increase the reversion frequency of P. putida mutants, and CAM-OCT increased this frequency 2-to 10-fold ( Table 2 ). The presence of CAM-OCT also increased UV-induced reversion of P. aeruginosa auxotrophic mutants. In fact, UV-induced rever- Cells were irradiated at 10 JRm2.
b Lack of detectable reversion; value is that obtainable from a single reversion event.
sion to prototrophy of P. aeruginosa strains was detected only when CAM-OCT was present. In the presence of the plasmid, reversion frequencies of P. aeruginosa strains were as much as 10-fold higher than those seen in P. putida strains carrying CAM-OCT.
To enable more accurate comparison of reversion frequencies and to circumvent the problems inherent in comparing mutation frequencies in different strains and different species, reversion of the same amber mutation in the bla gene of an RP1 derivative, pMRP119, was tested in all four sets of strains described above. This novel assay showed that both Cells were irradiated at 10 J/m2.
sets of P. putida strains exhibited similar reversion frequencies; in both cases, CAM-OCT-containing cells produced more than 10 times more revertants per survivor than did plasmidless cells (Table 3 ). Similar to results of the auxotrophic reversion assay, P. aeruginosa strains with CAM-OCT exhibited high levels of UV-induced reversion to carbenecillin resistance even in comparison with levels seen in P. putida strains carrying CAM-OCT (Table 3 ). In the absence of CAM-OCT, no UV-induced Cb' revertants were detectable in either of the P. aeruginosa strains.
A forward mutation assay to rifampin resistance was developed to compare in yet another way the UV-induced mutagenesis of P. aeruginosa, P. putida, and their CAM-OCT-carrying derivatives (Table 4) . Results for P. putida were similar to those seen in the other mutagenesis assays. That is, plasmidless cells were easily mutagenized, exhibiting approximately fivefold increases in Rif' colony formation after UV irradiation. CAM-OCT increased the UV-induced mutation frequency in these strains by about 2.5-fold. Interestingly, plasmidless P. aeruginosa cells also showed a fivefold increase in Rif' colony formation after UV irradiation. The UV-induced mutation frequency in these strains was 7-to 10-fold higher in the presence of CAM-OCT. The reasons for the obvious difference in the mutability of plasmidless P. aeruginosa in this forward mutation assay compared with results obtained from the two reversion assays is not clear. The results do, however, suggest that both species encode error-prone repair pathways. The pathways may differ in either level of expression or specificity.
Analysis of UVS mutant strains. A series of P. putida chromosomal UV response mutants was isolated, and the effects of plasmid CAM-OCT on the mutant phenotypes were measured. The mutants have not yet been fully characterized. For purposes of these studies, they were used to test the range of the effects of CAM-OCT in the absence of normal chromosomal DNA repair functions. CAM-OCT was transferred to all mutant strains by conjugation with strain PpS145. UV survival was quantitated, and comparisons were made between strains with and without CAM-OCT. In the absence of CAM-OCT, all eight mutants examined exhibited marked increases in UV sensitivity compared with control PpS102, although the levels of sensitivity varied from mutant to mutant (Fig. 2) . The presence of CAM-OCT increased the UV resistance of all mutants to levels not significantly different (P > 0.05) from those seen with PpS102(CAM-OCT). Thus, CAM-OCT suppressed phenotypic expression of the chromosomal mutation in 100% of the UVS mutants analyzed. In addition, one of the mutants, PpM10, was temperature sensitive for growth at 37°C. The presence of CAM-OCT overcame the temperature sensitivity and also markedly improved growth at the permissive temperature (Fig. 3) . This result suggests that in this case, CAM-OCT suppressed a mutation in a gene essential for cell growth. Effect of temperature on UV' mutant PpM10 and a derivative carrying CAM-OCT. Cells were grown in complete medium at 32°C, and appropriate dilutions were plated in duplicate on TYE plates. One plate was incubated at 32'C, and the other was incubated at 37°C.
Analysis of mutagenesis mutants. CAM-OCT-carrying derivatives of all mutagenesis mutant strains were constructed so that the effects of the plasmid on mutagenesis in the absence of normal chromosomal functions involved in this process could be assessed. The high-mutagenesis mutants, PpM82 and PpM88, were affected quite differently by CAM-OCT (Table 5 ). Both strains showed about fivefold-higher frequencies of UV-induced carbenecillin resistance than did control strain PpS102(pMRP119). CAM-OCT substantially decreased this frequency in PpM82 and increased it to levels significantly higher (P < 0.05) than those for PpS 102(pMRP119)(CAM-OCT) in strain PpM88 (Fig. 4) . The low-mutagenesis mutants were affected by CAM-OCT in a number of ways (Table 5 and Fig. 4) . CAM-OCT appeared to have no effect on mutagenesis of PpM107 and to only modestly increase UV-induced mutagenesis in PpM94 and PpM101. PpM90 exhibited a higher spontaneous mutation FIG. 4. Qualitative analysis comparing the effect of UV irradiation on CbY reversion between mutagenesis mutants and controls.
Patches were replica plated from complete medium to complete medium with carbenicillin and then UV irradiated at a dose of 10 J/m2, followed by incubation at 32°C for 48 h. Patches on the left are the original mutagenesis mutant isolates, and those on the right carry CAM-OCT introduced via conjugation. Letters frequency in the presence of the plasmid, as did PpM94 and PpM111. PpM90(CAM-OCT) did not, however, exhibit UVinduced mutagenesis, but its rate of mutagenesis was higher than that of plasmidless PpM90. Mutagenesis in strains PpM111 and PpM115 carrying CAM-OCT was raised to a level that was indistinguishable from that seen in PpS102(pMRP119)(CAM-OCT) (P > 0.05). These results indicate that the presence of CAM-OCT partially suppressed the mutations in three of the low-mutagenesis mutants (PpM90, PpM94, and PpM101) and fully suppressed the mutzltions in PpM111 and PpM115.
The UV sensitivity of the mutagenesis mutants and the effects of CAM-OCT on UV sensitivity were assayed. PpM82 and PpM88, the high-mutagenesis mutants, were more resistant to UV irradiation than was control strain PpS102 (Fig. 5) . Interestingly, at a UV dose of 10 J/m2, PpM82 without CAM-OCT exhibited levels of UV resistance similar to those of PpS102(CAM-OCT). The presence of CAM-OCT in PpM82 decreased UV resistance, which was similar to the effect of the plasmid on mutagenesis in this strain. CAM-OCT increased the UV resistance of PpM88 to levels statistically equivalent (P > 0.05) to those of PpS102(CAM-OCT). UV sensitivity and the effects of CAM-OCT on that sensitivity varied greatly among the six lowmutagenesis mutants. Only PpM101 and PpM107 showed extreme UV sensitivity (greater than a 100-fold increase in UV sensitivity at 20 J/m2). With the addition of CAM-OCT to these strains, UV resistance increased dramatically to nearly control levels at a dose of 10 J/m2 and to those levels at a dose of 20 J/m2. These results are in stark contrast to the small effect of CAM-OCT on mutagenesis in PpM101 and the absence of an effect on mutagenesis in PpM107 (Table 5 and Fig. 4 ). PpM90 and PpM94 appeared to be unaffected in UV sensitivity, since both strains responded to UV irradiation similarly to PpS102. CAM-OCT increased UV resistance in both mutants to control [PpS102(CAM-OCT)] levels.
PpM111 and PpM115 exhibited higher levels of UV resistance than did PpS102, similar to the results obtained for the high-mutagenesis mutants. The presence of CAM-OCT further increased UV resistance in these strains, but only to levels comparable to those found in PpS102(CAM-OCT).
These were the mutants in which CAM-OCT had the greatest effect on mutagenesis (Table 5 and Fig. 4 ).
DISCUSSION
The CAM-OCT plasmid significantly enhances both survival and mutagenesis after UV irradiation of P. putida and P. aeruginosa. It was previously reported that CAM-OCT encodes UV functions (13) , but a comprehensive analysis of these functions has not yet been reported. As discussed below, the results presented here show that CAM-OCT qualitatively affects the UV response in a manner similar to that found for other plasmids encoding UV-response-modulating proteins. However, the results also suggest that CAM-OCT UV response genes may differ in number, function of products, or regulation from previously described plasmids, such as pKM101 in E. coli and other enteric bacteria (26) and pMG2 in P. aeruginosa (17, 18) .
Plasmid-free P. putida and P. aeruginosa were found to differ markedly in UV response. P. aeruginosa cells were more UV sensitive (Fig. 1) and much less susceptible to UV mutagenesis than were P. putida cells (Tables 2 through 4 ).
In fact, mutagenesis of P. aeruginosa was detected only in a forward mutation assay and not in two different reversion assays. These results are in contrast to earlier results of Lehrbach et al. (18) , who were able to detect UV-stimulated reversion of a trp mutation in a plasmid-free P. aeruginosa strain. This difference may reflect either strain differences or a difference in the revertability of the mutation used for the 1 . assays. The obvious differences in mutability of the two species is highlighted by the novel carbenecillin resistance reversion assay (Table 3) , in which reversion of one mutation is assayed in different genetic backgrounds. The bla(Am) mutation was reverted by UV irradiation of P. putida but not P. aeruginosa.
In contrast to plasmid-free P. aeruginosa and P. putida, CAM-OCT-carrying derivatives of P. aeruginosa and P. putida had similar UV responses. That is, CAM-OCT increased survival in P. aeruginosa to levels comparable to those for P. putida(CAM-OCT) (Fig. 1) . Interestingly, the plasmid increased mutability in P. aeruginosa to levels even higher than those of P. putida(CAM-OCT) ( (12) . The initial results on the effect of CAM-OCT on the UV survival and mutagenesis mutants suggests that there are some significant differences from results of similar studies with both pMK101 (21, 24, 25) and pMG2 (18) .
Plasmid CAM-OCT fully suppressed the UV-sensitive phenotype in all UVS mutants tested (Fig. 2 ) and in two mutagenesis mutants, PpM101 and PpM107, which also exhibited a UVS phenotype (Fig. 5 ). This result is quite different from that obtained in similar experiments with pKM101. The expression of mucA and mucB from pKM101 partially suppresses some UVs mutants, including strains with excision repair mutations (e.g., uvrA, uvrB, apd polA) and postreplicative repair mutations (e.g., recB and recF) (21, 24, 25) , but in no case does suppression reach the wild-type levels of resistance seen in this study with CAM-OCT. Similarly, pMG2 suppresses many UV-sensitive mutants of P. aeruginosa, including polA-type mutants and excision-deficient mutants, but suppression does not raise survival frequencies to the levels of wild-type cells carrying pMG2 (18) .
Although interpretation of the effects of CAM-OCT on the mutagenesis mutants is complicated, some clues can be gained by comparison with the effects of pKM101 on various E. coli mutants and by observation of the effects of CAM-OCT on multiple phenotypes exhibited by the same mutant. One high-mutagenesis mutant, PpM88, was stimulated to higher levels of mutability by CAM-OCT (Table 5 ). This result is reminiscent of findings for pKM101 in an E. coli uvrB mutant (21) and may reflect higher levels of error-prone repair when excision repair is absent. Alternatively, the result could be due to the additive effects of a mutant chromosomal protein and a CAM-OCT protein, both involved in error-prone repair. The depressive effects of CAM-OCT on PpM82 mutagenesis may indicate a direct interaction between the mutant and plasmid proteins, neither of which is then able to carry out its proper role in errorprone repair.
The effects of CAM-OCT on mutagenesis of the lowmutagenesis mutants can be divided into three categories: no effect (PpM107), slight suppression (PpM90, PpM94, and PpM101), and complete suppression (PpM111 and PpM115) (Table 5 ). This result suggests that CAM-OCT may encode direct analogs for the mutant proteins present in PpM111 and PpM115. UV survival studies suggest that four of the mutants, PpM90, PpM94, PpM111, and PpM115, express their DNA repair functions, since they are as UV resistant or more so than nonmutant cells. This would indicate that their mutations are in genes whose products are mechanistically involved in error-prone DNA repair and that, in the absence of these mutations, other DNA repair functions compensate for the role of the mutations in UV survival. In E. coli, mutagenesis mutants of this type proved to carry umuCD mutations. However, those mutants differed from the mutants described here in that none showed increased UV resistance (14, 23) . CAM-OCT suppressed the UV sensitivity of PpM101 and PpM107 even though it had little or no effect on mutagenesis ( Fig. 5 and 
